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We present precision spectroscopy on electrically trapped formaldehyde (H2CO), demonstrating
key attributes which will enable molecular spectroscopy with unprecedented precision. Our method
makes use of a microstructured electric trap with homogeneous fields in the trap center and rota-
tional transitions with minimal Stark broadening at a ’magic’ offset electric field. Using molecules
cooled to the low millikelvin temperature regime via optoelectrical Sisyphus cooling, we reduce
Stark broadening on the J = 5 ← 4 (K = 3) transition at 364 GHz to well below 1 kHz, observe
Doppler-limited linewidths down to 3.8 kHz, and determine the line position with sub-kHz uncer-
tainty. Our results and clear prospects for even narrower spectra pave the way towards in-trap
precision spectroscopy on diverse molecule species.
Precise measurements of atomic transition frequencies,
now reaching relative accuracies below 10−17 [1], have
enabled groundbreaking progress in science and technol-
ogy, ranging from optical clocks [2] to tests of funda-
mental physical theories [3]. Despite the lower accuracy
achieved with spectroscopic investigations of molecules
so far, the structure and symmetry of molecular systems
can often provide a more sensitive probe of fundamental
physics [4, 5]. A prominent example is the search for a
permanent electric dipole moment of the electron [6, 7].
Molecules are also used to test parity violation [8] and to
measure fundamental constants [9, 10] and their possi-
ble time variation [11, 12]. Moreover, precise knowledge
of molecular constants is required in cold chemistry and
collision studies [13, 14] as well as for the interpretation
of astrophysical spectra, a research area where formalde-
hyde (H2CO) is of immense importance [15, 16].
Such questions are addressed with high-resolution
spectroscopy on structurally and chemically diverse
molecule species. So far, most precision experiments with
neutral molecules use beams of cold particles, limiting
the interrogation time to a few milliseconds [6, 12, 17–
20]. Longer interaction times can be achieved by launch-
ing molecules in a fountain [21, 22] which was demon-
strated with ammonia (14NH3) molecules [23] but not yet
used for spectroscopy. For very long interaction times
and highest sensitivity, however, high-precision experi-
ments with directly cooled and trapped molecules are
desired [24, 25].
Apart from investigations with molecular ions [7, 10,
26], precision spectroscopy on trapped molecules has only
been performed with diatomic species associated from ul-
tracold atoms [27, 28] for two reasons: First, direct cool-
ing techniques reached the ultracold (T < 1 mK) temper-
ature regime only very recently [29, 30]. Second, the pos-
sibly very long interrogation time accessible with trapped
molecules comes at the expense of Stark or Zeeman shifts
of the molecular energy levels, usually broadening the
spectral lines under investigation.
Here, we solve the latter problem by transferring con-
cepts known from atomic clocks [31] to cooled formalde-
hyde molecules held in our unique boxlike electrostatic
trap featuring a tunable homogeneous offset field [32].
Specifically, we perform microwave (MW) spectroscopy
on a rotational ‘clock’ transition with vanishing first-
order differential Stark shift and measure at a ‘magic’
offset electric field with minimal and currently negligible
residual Stark broadening. Using optoelectrical Sisyphus
cooling we prepare about 106 molecules at a temperature
of a few mK and in a single rotational state [29]. Thus,
we observe Doppler-limited linewidths down to 3.8 kHz
and are able to determine the center frequency with sub-
kHz uncertainty. We model the spectral lineshape which
is influenced by two parameters, the kinetic energy of
the molecules and the offset field in the trap. By system-
atically varying both of them we verify our model and
demonstrate a good theoretical understanding of the per-
formed experiments. With the observed precision we do
not surpass conventional techniques employing molecular
beams yet. Nevertheless, to the best of our knowledge,
this proof-of-principle experiment presents the narrow-
est linewidths observed with electrically trapped neutral
molecules so far.
Experiments are performed in our microstructured
electrostatic trap. It consists of two capacitor plates
holding an array of parallel electrodes and a perime-
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FIG. 1. (color online) (a) Illustration of the microstruc-
tured electric trap (not to scale). (b) Simplified sketch of
the position-dependent electric fields in the trap. The main
features are high trapping fields at the edges, a tunable homo-
geneous offset field Eoffset with a finite roughness σoffset, and
isolated regions of low electric field with E < Eoffset which will
play a role in the final part of this paper.
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FIG. 2. (color online) (a) Sketch of Stark-shifted energy levels of two inversion-doublet rotational states |J,K〉 and |J+1,K〉
of a slightly asymmetric rotor. For low fields a quadratic Stark shift is observed due to the finite inversion splitting, while
the Stark shift is almost perfectly linear for intermediate fields. For very large field strengths the molecular energy levels
bend quadratically because the influence of neighboring J-states coupled by the electric field dominates the Stark shift. A
‘clock’ transition connecting two states with approximately equal first-order linear Stark shift features a dramatically reduced
differential Stark shift. Variation of the differential Stark shift is minimal in the ‘magic’ field where the two energy levels
have identical slopes. In this paper, all Stark shifts and detunings are specified with respect to the zero-field center frequency
f0 coupling two inversion doublets. (b) Differential Stark shift of the transition |4, 3, 2〉 ↔ |5, 3, 3〉 vs. electric field. The
minimum is marked with a dashed line in the inset. At the ‘magic’ field, the initial and final states possess individual Stark
shifts of about 370 MHz. The shift is specified relative to f0 = 364282.0128 MHz which was calculated from literature data [33].
(c) Simulated electric-field distribution in the trap for the ‘magic’ trapping configuration. The gray lines mark the electric-
field range of the inset of panel (b). The resulting offset electric field is specified. The FWHM of the distribution is about
15 V/cm. (d) Distribution of differential Stark shifts in the trap for the transition |4, 3, 2〉 ↔ |5, 3, 3〉 and the ‘magic’ trapping
configuration as well as two other offset electric fields. The distributions are normalized to equal areas under the curves. With
the ‘magic’ offset field, Stark broadening is reduced to below 1 kHz.
ter electrode providing confinement from the side, as
sketched in Fig. 1(a). This arrangement produces strong
electric fields at the boundaries of the trapping volume
(∼ 50kV/cm corresponding to a nominal trap depth of
∼ 1 K), a tunable offset electric field Eoffset with a fi-
nite roughness σoffset in the center [29], and results in a
three-dimensional boxlike potential for molecules in low-
field-seeking states. The main features of the trapping
potential are visualized in Fig. 1(b). The trap design [34]
as well as its integration into the experimental apparatus
and performance have been described earlier [29, 32, 35].
Cooled formaldehyde molecules are stored in the trap
with 1/e decay times of up to one minute [29].
We exploit the generic structure of the slightly asym-
metric rotor formaldehyde for both strong electric trap-
ping and precise spectroscopy with minimal Stark broad-
ening. Due to its slight asymmetry formaldehyde features
many pairs of opposite-parity rotational states with a
small inversion splitting [36]. These inversion doublets
are coupled strongly already in static fields much smaller
than the offset electric field of our trap, and hence essen-
tially possess the properties of symmetric-top states [29].
In particular, they feature large linear Stark shifts over
a wide range of electric fields, thus facilitating trapping.
Following the correspondence to symmetric-top states,
we label states with symmetric-top rotational quantum
numbers J , K, and M as |J,∓K,±M〉 with ∓K chosen
positive.
Stark broadening in a spectroscopy experiment is
caused by the differential Stark shift, i.e., the difference
of the Stark shifts of the initial and final states. To essen-
tially eliminate Stark broadening, the variation of the dif-
ferential Stark shift as a function of electric field strength
is minimized. First, we eliminate the largest contri-
bution, the linear first-order differential Stark shift, by
choosing a ‘clock’ transition which connects states with
equal first-order Stark shifts νs = −µEh KMJ(J+1) [36] (with
electric dipole moment µ = 2.33 Debye [37], electric-
field strength E and Planck constant h). Since molecules
should remain trapped during the entire experiment, we
desire low-field-seeking initial and final states with equal,
non-zero νs. Restricting ourselves to purely rotational,
electric-dipole allowed transitions, the conditions are ful-
filled for transitions |J,K,M=J/2〉 ↔ |J+1,K,M+1〉.
Second, we tune the offset electric field of our trap to
a ‘magic’ value with minimal variation of the residual
higher-order differential Stark shift. Both aspects are il-
lustrated and explained in Fig. 2(a).
For further investigations we pick the ‘clock’ transition
|4, 3, 2〉 ↔ |5, 3, 3〉. Its differential Stark shift is shown in
Fig. 2(b). It was calculated by numerically diagonalizing
the full rotational Hamiltonian in a static electric field
using the rotational constants of Ref. [38]. As expected,
the computed shift is comparably small and features a
minimum which defines the ‘magic’ field for spectroscopy,
with small variation even for large changes in electric
field. Note that the position of the minimum strongly
depends on the specific ‘clock’ transition, while the shape
of the curve is similar for other such transitions.
The simulated electric-field distribution in our trap
3corresponding to the ‘magic’ trapping configuration with
Eoffset = 1.05 kV/cm is plotted in Fig. 2(c). The strongly
peaked graph with a relative full width at half maxi-
mum of only 1.4 % shows that the trap potential indeed
is boxlike (see also Ref. [29]). The width of the distri-
bution quantifies the aforementioned roughness σoffset of
the floor of the boxlike potential. We verified the simu-
lated distribution experimentally using a previously de-
veloped method relying on Stark spectroscopy [29, 35]. In
fact, measured distributions are slightly narrower than
the simulation for large offset electric fields (Eoffset >
100 V/cm) [29].
Combining the differential Stark shift and the field dis-
tribution, we calculate the distribution of Stark shifts in
the trap for the ‘magic’ and two additional trapping con-
figurations. The resulting curves are shown in Fig. 2(d)
and represent the expected Stark broadened lineshape of
the investigated transition for a specific electric field con-
figuration. Stark broadening is minimized and reduced to
below 1 kHz with the ‘magic’ offset electric field. In con-
trast, a double-peaked shape is found for offset electric
fields which are chosen such that the differential Stark
shift is about 10 kHz larger in the respective offset elec-
tric field, with one offset field being smaller and one larger
than the ‘magic’ field. Here, the peaks on the right oc-
cur because a range of Stark shifts is enhanced by the
detuned offset electric field. Common to all three curves
is the sharp cutoff at the left side due to the minimum
of the differential Stark shift. In principle, this feature
permits a very precise determination of the line position.
For trapping, cooling, and spectroscopy we use the low-
field-seeking components of the rotational states charac-
terized by J = 3, 4, 5 and |K| = 3. The resulting level
scheme is sketched in Fig. 3. After optoelectrical Sisy-
phus cooling [39, 40], the molecules are prepared in a
single rotational state via optical pumping [41]. Since ef-
ficient state preparation requires a maximally polarized
target state |J,K,M=J〉 [41], we chose |3, 3, 3〉. As a con-
sequence, the ensemble of cooled formaldehyde molecules
populates this state with a purity of over 80 % [29]. Then,
the offset field is adjusted to the ‘magic’ value and two
MW frequencies are applied to transfer population to the
state |5, 3, 3〉 via the ‘clock’ transition under investiga-
tion. Finally, state detection (via MW depletion [29, 35])
is employed to measure the signal of molecules in the
states |5, 3,M〉 as a function of the MW frequency driv-
ing the ‘clock’ transition.
The spectral shape is modeled taking into account
only the differential Stark shift, the trap electric fields
and Doppler broadening. To this end, we convolve the
differential-Stark-shift distributions of Fig. 2(d) with ex-
pected Doppler-broadened spectral profiles derived from
measured distributions of the molecular kinetic energy.
The kinetic energy of the molecules in the ‘magic’ trap-
ping configuration was measured with rf knife-edge fil-
ters, as explained in detail elsewhere [29]. A spectral
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FIG. 3. (color online) Level scheme for microwave (MW) spec-
troscopy of the rotational ‘clock’ transition |4, 3, 2〉 ↔ |5, 3, 3〉
in the ground electronic and vibrational state, with a static
electric field E applied. Initially, the molecules are prepared
in the state |3, 3, 3〉. The spectroscopy signal is obtained by
coupling the states |3, 3, 3〉, |4, 3, 2〉, and |5, 3, 3〉 with MW
as shown and measuring the signal of molecules originating
from the states |5, 3,M〉 afterwards. The fractional first-order
Stark shifts νs/νmax = νs/ (µE/h) are specified for the rele-
vant states. The separation of M sublevels is given for J = 3
for the ‘magic’ offset electric field.
profile of Doppler shifts was then numerically calculated
assuming an isotropic velocity distribution in the trap.
Measured and simulated spectra of the chosen ‘clock’
transition, obtained under different experimental condi-
tions, are presented in Fig. 4. We first focus on the trap-
ping fields. To test our model, we used a molecule en-
semble with intermediate kinetic energy to record spectra
at different offset electric fields. As shown in Fig. 4(b),
the calculated curves explain the observed shape. The
good overlap of experiment and theory demonstrates a
good control and understanding of the relevant experi-
mental parameters. As expected, the narrowest spectrum
is recorded with the ‘magic’ offset electric field. Note that
the subtle differences observed in the double-peaked dis-
tributions of Stark shifts for the remaining two trappping
configurations [Fig. 2(d)] are also visible as structure in
the measured data.
By reducing the molecules’ kinetic energy and mea-
suring at the ‘magic’ offset electric field we are able to
reduce the linewidth to 3.8 kHz for the coldest ensemble
(T ∼ 2.6 mK), corresponding to a relative width of 10−8
[Fig. 4(c)]. The spectra recorded with varying molecu-
lar energy [reduced by a factor > 20 from Fig. 4(a) to
(c)] show that the linewidth is indeed limited by Doppler
broadening, whereas the asymmetry of the spectrum is
caused by the minimum of the differential Stark shift.
The relatively sharp cutoff at lower frequencies al-
lows for a precise determination of the line position.
We distinguish two aspects. The position of the Stark
shifted line can be deduced directly from the measure-
ment. From the fit of the theory curve to the data,
the position is determined with sub-kHz statistical un-
certainty (see fitted parameter ∆fshift). As the spectrum
was simulated with a simplified model and the existing
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FIG. 4. (color online) Measured and simulated spectra. (a) – (c) Data at the ‘magic’ offset electric field was recorded for
molecule ensembles with varying kinetic energy (median kinetic energy of the ensemble specified in the upper right corner of
each panel, cf. Ref. [29]). For the ensemble with intermediate energy the offset electric field was varied (b). As expected, the
spectra obtained with offset electric fields distinct from the ‘magic’ configuration (curves labeled with the respective Eoffset) are
much broader. The detuning is specified relative to the center frequency 364282.0128 MHz (see Fig. 2). The vertical scaling
and the horizontal position (∆fshift only given for ‘magic’-field data) of the simulated spectra were determined with a least-χ
2
fit. The horizontal lines mark the signals measured with the MW left off and determine the base lines of the modeled spectra.
Error bars and shaded regions specify the 1σ statistical error.
hyperfine structure (line splitting ∼ 0.6 kHz for our ex-
perimental parameters [16, 37]) was neglected, we esti-
mate as a conservative value that the Stark-shifted line
position of the transition |4, 3, 2〉 ↔ |5, 3, 3〉 is measured
with an accuracy of at least a couple of hundred Hz.
The transition frequency without electric field can be
computed from the measurement considering the calcu-
lated minimum of the differential Stark shift, (172.5 ±
3.1) kHz, which depends on the rotational constants and
is thus limited by their accuracy [38]. Consequently, the
zero-field center frequency is deduced with the same un-
certainty as (364 282 010± 3) kHz [42].
The precision can be further increased and Doppler
broadening reduced by using colder molecules. How-
ever, with the present experimental sequence and appara-
tus, the coldest and thus slowest ensembles of molecules
we are currently able to produce in our setup (T ∼
400µK [29]) cannot be probed in the comparably high
‘magic’ field of 1.05 kV/cm required for the selected
‘clock’ transition |4, 3, 2〉 ↔ |5, 3, 3〉. The reason is the
finite roughness σoffset of the floor of our boxlike trap
potential [Fig. 1(b)] which depends on both the high
trapping fields and the offset field [34]. To reduce the
roughness of the floor while the molecules are further
cooled, we start the cooling process at an offset electric
field of 625 V/cm and ramp the field down to as low as
40 V/cm to produce molecules at submillikelvin tempera-
tures [29]. In fact, the kinetic energy of 400µK molecules
does not exceed the roughness of the ‘magic’ offset poten-
tial. Hence, a well-defined ‘magic’ offset potential could
not be applied for such ultracold molecules. When we
adjust the offset field to the ‘magic’ value, very slow
molecules are either heated or accumulate in the low-
field regions (E < Eoffset) of the trap, precluding the in-
vestigation of the slowest molecules in a high offset field.
We note that the median kinetic energy of the coldest
ensemble used for spectroscopy (Ekin ∼ 32kB × 2.6 mK)
is already a factor of 10 smaller than the potential en-
ergy of the molecules given by the floor of our boxlike
trap potential (∼ 32kB × 30 mK for the state |3, 3, 3〉 andEoffset = 1.05 kV/cm). In consequence, the tunability
of the relevant parameters, molecular velocity and off-
set electric field, is limited for purely technical reasons
at the moment. These limitations could be overcome
with an improved design of the trap electrodes, reduc-
ing the relative roughness of the offset electric fields and
enabling cooling to submillikelvin temperatures at high
offset fields [34].
More fundamentally, the selection of a different ‘clock’
transition giving rise to a significantly reduced ‘magic’
field would allow probing colder molecules without re-
designing the electric trap. Furthermore, it would per-
mit choosing transitions with or without hyperfine split-
ting. For example, the ‘magic’ field is 36 V/cm for
|4, 4, 2〉 ↔ |5, 4, 3〉 (no hyperfine splitting), while it is
140 V/cm for |6, 5, 3〉 ↔ |7, 5, 4〉 (with hyperfine split-
ting). However, these states are not accessible with our
current implementation of optoelectrical Sisyphus cool-
ing.
To summarize, Doppler-limited linewidths down to
3.8 kHz were observed, yielding a new record for electri-
cally trapped polyatomic molecules. The work demon-
strates the advantage of our design over previous electric
traps: Stark broadening could be reduced to a minimum
due to the tunable, boxlike trapping potential. The pre-
sented method for high-resolution spectroscopy is general
and applicable to other electrically trappable molecule
species. Moreover, the results show the feasibility of pre-
cision spectroscopy in electric traps, a straightforward
approach to trapping polar molecules.
5In the future, it should be possible to resolve the hy-
perfine structure of formaldehyde with sub-kHz line split-
tings (in a moderately strong electric field) [16, 37]. With
colder molecules we should be able to observe Rabi os-
cillations in a two-level system coupled by a ‘clock’ tran-
sition, a key step towards coherent control over internal
molecular states. The combination of box-like trapping
fields with extremely long storage times of cooled polar
molecules also offers new possibilities for the investiga-
tion of weak forbidden transitions.
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